Abstract-Our previous studies have shown that pulsed ultrasound can physically remove soft tissue through cavitation. A new strategy to enhance the cavitation-induced erosion is proposed wherein tissue erosion is initiated by a short, high-intensity sequence of pulses and sustained by lower intensity pulses. We investigated effects of the initiating sequence on erosion and cavitation sustained by lower intensity pulses. Multiple three-cycle pulses at a pulse repetition frequency of 20 kHz delivered by a 788-kHz focused transducer were used for tissue erosion. Fixing the initiating sequence at I SPPA of 9000 W/cm 2 , 16 combinations of different numbers of pulses within the initiating sequence and different sustaining pulse intensities were tested. Results showed: the initiating sequence increases the probability of erosion occurrence and the erosion rate with only slight overall increases in propagated energy; the initiating sequence containing more pulses does not increase the sustained cavitation period; and if extinguished and reinitiated, the sustained cavitation period becomes shorter after each initiation, although the waiting time between adjacent cavitation periods is random. The high-intensity, initiating sequence enhances cavitational tissue erosion and enables erosion at intensities significantly lower than what is required to initiate erosion.
I. Introduction
O ur previous studies have shown that short, intense, ultrasound pulses (e.g., a pulse duration of threeacoustic cycles) delivered at a certain pulse repetition frequency (PRF) can mechanically remove soft tissue and produce localized, clearly demarcated perforations [1] . This technique has potential to noninvasively perforate the atrial septum of neonates, which is the membrane separating the two atria. The atrial septal perforation procedure is needed to generate a temporary flow channel between the two atria, a critical step in the treatment of neonates with hypoplastic left heart syndrome (HLHS) and an intact or restrictive atrial septum [1] .
The mechanism responsible for the erosion process is believed to be cavitation. This mechanism is suggested by an enhanced and temporally changing acoustic backscatter observed during erosion [2] , regarded as a signature for cavitation detection [3] - [9] . Further evidence is provided by the significant change in erosion rate of tissue in fluid with different gas concentrations [1] .
In order to enhance cavitational bioeffects, a number of strategies have been proposed, one of which is microbubble (i.e., contrast agent) enhanced cavitational therapy [10] - [16] . Contrast agents, providing cavitation nuclei that are not readily available in vivo, have been shown to decrease the cavitation intensity threshold [12] , [13] and increase the probability of producing cavitational bioeffects [14] , [17] . Some other studies have explored changing acoustic parameters (particularly PRF) to enhance cavitational effects when using pulsed ultrasound [1] , [18] - [23] . The idea is to achieve a synergistic effect provided by residual cavitation nuclei from earlier pulses by adjusting the timing between two consecutive pulses. There are other strategies to enhance cavitational bioeffects (particularly in lithotripsy) that require physical modifications of the setup, including the use of dual sequential pulses timed to increase the force of bubble collapse and thereby enhance stone breakage [24] - [26] . In another interesting approach, Ikeda et al. [27] and Matsumoto et al. [28] formed a bubble cloud with high-frequency pulses and collapsed it with low-frequency pulses to increase stone fragmentation efficiency.
Here we propose a strategy to enhance cavitationinduced, soft tissue erosion in which a short, high-intensity sequence of pulses is used to initiate erosion and lower intensity pulses and to sustain the process. The concept behind this strategy is to generate cavitation nuclei using high-intensity pulses that provide seeds for the subsequent lower intensity pulses to sustain cavitation and erosion. The formation of this idea is based on our previous observation that it takes a significantly longer time for lower intensity pulses to initiate the variable acoustic backscatter (indication of cavitation) as well as erosion [2] . The energy applied prior to initiation contributed nothing to erosion. If we use lower intensity pulses for erosion but ensure an instantaneous initiation by a short, higherintensity sequence, the wasted energy spent before the initiation might be saved, reducing thermal complications. By using the high-intensity initiating sequence strategy, we hope to sustain erosion at a much lower average intensity and with less overall propagated energy. This may help to reduce thermal damage to overlying and surrounding tissue, which has been a general concern for ultrasound therapy. It also may reduce the probability of thermal damage to the therapy transducer.
We will test this supposition by studying the effects of the initiating sequence on erosion characterized by the probability of erosion, the erosion rate, and active cavitation sustained by lower intensity sustaining pulses. Active cavitation here is defined as a cascade of cavitation activities violent enough to cause grossly observable tissue erosion, detected by the enhanced and variable acoustic backscatter. This variable acoustic backscatter is likely the sound reflection from a cluster of cavitating bubbles (bubble cloud) in the erosion zone. We examined how often active cavitation extinguishes (probability of extinction) after initiated, the duration of each active cavitation period (initiated time), and the waiting time between adjacent active cavitation periods (extinguished time).
Note that erosion here is defined as obvious tissue removal that can be visually distinguished from the surrounding tissue. The definition for perforation is detailed in Section II-D.
II. Methods

A. Sample Tissue Preparation
Porcine atrial wall tissues were used in the in vitro erosion experiment. Porcine atrial wall was chosen because it is similar to the human neonatal atrial septum in tissue structure and geometry and has a more uniform and larger surface area to work with in comparison to the atrial septum [29] . The porcine atrial wall was obtained from a commercial abattoir (Northwest Meat Market, Jackson, MI), stored in a 0.9% saline at 4
• C, and used for the experiments within 24 h of harvesting.
B. Ultrasound Generation
A 788-kHz, single-element, focused PZT custom-made transducer (Etalon, Inc., Lebanan, IN) was used to generate the pulsed ultrasound for creating erosion. The 788-kHz therapy transducer has an 8.8-cm outer diameter, an 8.8-cm focal length, and a 3.7-cm inner diameter hole for mounting a monitoring transducer. A block diagram of the experimental setup is shown in Fig. 1 . The radiofrequency (RF) signal driving the therapy transducer was produced by a function generator (Model 3314A, Agilent Technology, Palo Alto, CA) and amplified by an RF amplifier (Model A-1000, ENI Inc., Rochester, NY). The electrical impedance of the therapy transducer was matched to the output impedance of the amplifier by an external matching network. To obtain the waveform with a highintensity, initiating sequence consisting of multiple pulses followed by lower intensity sustaining pulses (Fig. 2) , the amplitude of the RF signal was modulated via the external amplitude modulation input on the function generator. As such, the amplitude and number of pulses within the high-intensity, initiating sequence can be modulated by the peak amplitude and width of a square pulse, respectively. The amplitude of lower intensity sustaining pulses can be modulated by baseline voltage of the square pulse. The Fig. 1 . Experimental setup. The 788-kHz transducer delivered pulsed ultrasound for tissue erosion. The 20-MHz transducer was used to measure the tissue thickness at the focus of the 788-kHz transducer to be perforated (connection A). The 5-MHz transducer was used to monitor acoustic backscatter from the therapy pulse at 788 kHz (connection B). All three transducers were aligned coaxially. An angled sound absorber was placed between the tissue and the 20-MHz transducer during the ultrasound treatment to reduce the sound reflection, but it was removed for the measurement of tissue thickness.
square pulse was generated by a multifunction data acquisition (DAQ) board (Model PCI-6014, National Instruments, Austin, TX) using Labview (Labview 7.1, National Instruments, Austin, TX) software.
The transducer was mounted to a three-dimensional (3-D) mechanical positioning system (Model A-25, Velmex Inc., Bloomfield, NY) and suspended from a water tank. The positioning system precisely located the transducer focus for multiple erosion sites in one tissue sample. Experiments were conducted in a 61-cm long × 28-cm wide × 30.5-cm high tank filled with water degassed [30] to a desired level prior to the experiment.
C. Ultrasound Calibration
The acoustic field of the 788-kHz transducer was measured by a bilaminar, shielded PVDF membrane hydrophone (Model IP056, Marconi Center, Chelmsford, UK). The hydrophone was calibrated by Sonic Consulting, Inc. (Wyndmoor, PA) in the frequency range of 0.25-20 MHz. The calibration was done following the procedures prescribed by the American Institute of Ultrasound in Medicine (AIUM) [31] . The transducer and the hydrophone were submerged in a tank containing degassed water (gas concentration of ∼20%). The transducer was excited by a three-cycle pulse at a PRF of 1 Hz. The pulse duration (PD) of three cycles was used for all the expo- Fig. 2 . Schematic of the waveform of ultrasound pulses used for erosion, including a high-intensity, initiating sequence containing multiple pulses followed by lower intensity sustaining pulses. There was only one initiating sequence at the beginning of each exposure. The acoustic parameters used for the initiating sequence and sustaining pulses are listed in Table II. sures. Ultrasound signals were detected by the hydrophone placed at the focus of the ultrasound field. The lateral and axial beam profiles across the focus and the physical waveform at the focus also were recorded.
The calibrated field parameters in the focal plane include the spatial peak, pulse average intensity (I SPPA ), peak rarefractional and compressional pressures, beam cross-sectional area, pulse duration in µs, and spatial peak, temporal average intensity (I SATA ) all defined by AIUM [31] . They are measured for free-field condition only and listed in Table I . Both the pulse duration in microseconds and the beam cross-sectional area decrease with increasing I SPPA , due to the nonlinear propagation of sound at high intensity. The beam cross-sectional area and I SATA were recorded to calculate the total propagated energy, which will be detailed in Section II-G.
D. Backscatter Acquisition and Processing
To monitor the cavitation activity in the erosion zone, acoustic backscatter signals from the primary therapy pulse at 788 kHz were received by a 5-MHz, single-element, focused transducer (Valpey Fisher Corporation, Hopkinton, MA). The 5-MHz transducer has a 2.5-cm diameter and a 10-cm focal length. It was mounted coaxially with the 788-kHz therapy transducer by being fixed in its central inner hole. The 5-MHz transducer was used because it has a wide bandwidth (−6 dB bandwidth of 4-MHz) to detect the primary and higher frequency harmonic components.
The acoustic backscattering signal was recorded as the output voltage of the 5-MHz monitoring transducer. A-line backscatter signals were recorded in a 20-µs range gated window that was from the erosion zone by a digital oscilloscope (Model 9354TM, LeCroy, Chestnut Ridge, NY). The recorded signals then were transferred to a computer via GPIB and processed in the Matlab program (Mathworks, Natick, MA).
Because initiation and extinction of the temporally changing acoustic backscatter may provide useful temporal information about activity of the cavitating bubble cloud, we have developed statistical criteria to detect initiation and extinction based on the significantly increasing and decreasing backscatter temporal variability, respectively. To estimate thresholds of backscatter temporal variability for initiation and extinction detection, uninitiated backscatter signals were recorded prior to each exposure by applying a 10-s exposure at the sustaining pulse intensity. The statistical criteria, procedures and setup for initiation and extinction detection are detailed in our previous paper [2] . It was noted that, when tissue was perforated, the backscatter variability greatly decreased and was detected as an extinction based on our criteria. Therefore, extinction of the variable backscatter was used as the basis for perforation detection. Perforation is determined as the last extinction detected before perforation was visually observed. Examples of backscatter signals, detection of initiation, and extinction of the highly variable backscatter are shown in Fig. 3 .
E. Tissue Thickness Measurement
Erosion rate is defined as the thickness of tissue eroded divided by the erosion time and used as one of the evaluations for erosion. To measure the tissue thickness, a 20-MHz, 3-mm diameter, single-element, unfocused transducer (Model V316-SU, Panametrics, Waltham, MA) was used to measure the tissue thickness placed at the focus of the 788-kHz therapy transducer (i.e., the location of perforation). It was mounted to a miniature, 2-D translation stage (Model M-DS25-XY, Newport Corporation, Irvine, CA), which was suspended in the tank. The 20-MHz transducer was aligned coaxially with and facing the therapy transducer by adjusting the 2-D translation stage.
Prior to each exposure, the tissue was placed approximately 3 cm in front of the 20-MHz transducer. The transducer then was pulsed and the echo received from the tissue via a pulser-receiver (Model PR 5072, Panametrics, Waltham, MA). The waveform of the tissue echo then was displayed on a digital oscilloscope (Model 9354TM, LeCroy, Chestnut Ridge, NY). The time delay between the front and back surface of the tissue (T tissue ) was estimated from the echo waveform. The tissue thickness was calculated by multiplying T tissue and ν (speed of sound in the porcine atrial wall is 1.519 mm/µs at 21
• C [29] ) divided by two. At a 3-cm distance with the 20-MHz transducer in pulse-echo mode, the −3 dB beamwidth of echo intensity is 0.39 mm from the simulation using an ultrasound field simulation software Field II (Technical University of Denmark, Lyngby, Denmark) and 0.61 mm from the actual measurement. The discrepancy between simulation and actual measurement may be due to an effective element diameter smaller than 3 mm. A figure illustrating the echo waveform from a porcine atrial wall tissue obtained from the 20-MHz transducer was given in our previous paper [1] . Tissue thickness could not be monitored in real time due to the interference from harmonics of the highpressure, therapy pulses due to nonlinear propagation and broadband noise generated by cavitating bubbles during the exposure. Because the applied pressure is high, the associated acoustic radiation force could push these bubbles away from the transducer significantly. In addition, the tissue front surface, which serves as a boundary to hold cavitating bubbles, shifts away from the transducer as erosion progresses. Panels C and D represent the backscatter energy moving standard deviation as a function of treatment time, which is used to detect initiation and extinction of the backscatter in Panels A and B, respectively. For the treatment without any initiating sequence, as shown in Panels A and C, the variable backscatter was initiated at "a", extinguished at "b", spontaneously reinitiated at "c", and tissue was perforated at "d". For the treatment with a 200-pulse initiating sequence, as shown in Panels B and D, the variable backscatter was initiated rapidly ("e") by the initiating sequence, and tissue was perforated at "f". A PD of three cycles, a PRF of 20 kHz, and gas concentration range of 37%-47% were used in both treatments.
F. Experimental Procedure
The porcine atrial wall tissue was clamped in the tissue holder and submerged in the tank with water degassed to the desired level prior to the experiment. First, the tissue was positioned approximately 3 cm in front of the 20-MHz transducer to measure the tissue thickness at the location to be perforated. Second, the tissue was moved to the focus of the 788-kHz transducer and an angled sound absorber (40 Durometer, Sorbothane Inc., Kent, OH) was placed between the tissue and the 20-MHz transducer to reduce the sound reflection from the 20-MHz transducer and the back of the tank. Third, approximately 10-s ultrasound pulses at the sustaining pulse intensity (e.g., I SPPA of 1000-4000 W/cm
2 ) were applied, and acoustic backscatter signals from the erosion zone without any high degree changes (uninitiated backscatter) were received by the passive 5-MHz transducer. The uninitiated backscatter waveforms were used to estimate the thresholds for initiation and extinction detection. Fourth, a 480-s ultrasound exposure with or without the initiating sequence (described in detail later) was delivered to the tissue by the 788-kHz transducer. Backscatter signals were recorded and processed to detect initiations and extinctions as described above. On each tissue, three to four exposures were applied to separate locations at least 1 cm apart. Fifth, after sonication, the diameter of erosion or perforation was measured with a caliper (0.05 mm accuracy) by hand, and pictures of tissue were taken for further analysis.
G. Experimental Parameters
One initiating sequence consisting of multiple pulses at I SPPA of 9000 W/cm 2 followed by lower intensity sustaining pulses (Fig. 2) was used in each exposure throughout the whole study. An I SPPA of 9000 W/cm 2 was chosen for initiating sequence pulses because it initiates the variable backscatter within 10 ms (200 pulses) [2] . The number of pulses within the initiating sequence and the intensity of sustaining pulses were varied. A total of 16 combinations of parameters consisting of four different numbers of pulses per initiating sequence and four different intensities for sustaining pulses were tested (Table II) . The number (duration) of pulses within the initiating sequence was chosen to be 200 (10 ms) and above to ensure initiation. I SPPA values of 1000-4000 W/cm 2 were chosen for sustaining pulses because it is the intensity regime below and close to erosion threshold (I SPPA of 3220 W/cm 2 defined as erosion Pr = 0.5 [29] ) for which either cavitation cannot be initiated or the initiation takes a very long time. Sample sizes are 8-12 for each combination of parameters.
The same PD (three cycles) and PRF (20 kHz) pair was used to both the initiating sequence and sustaining pulses because it achieved the highest erosion rate at I SPPA of 9000 W/cm 2 and gas concentration range of 40-55% in our prior work [1] . The total duration of each exposure (including initiating sequence and sustaining pulses) was 480 s. The gas concentration was in the range of 37-47%. The partial pressure of oxygen (PO 2 ) in air was used as our metric for gas concentration and measured with a YSI dissolved oxygen instruments (Model 5000, YSI, Yellow Springs, OH).
To estimate how much more energy was delivered by adding the initiating sequence, the total propagated energy was calculated using the following formula.
where W is the temporal average power delivered by the transducer, T is the exposure time, I SATA is the spatial average temporal average intensity, and A BCS is the beam cross-sectional area. The values for I SATA and beam crosssectional area are listed in Table I . The increase in total propagated energy by adding an initiating sequence is listed in Table III .
III. Results
A total of 143 exposures applied to 48 pieces of porcine atrial wall tissue were included in the following analysis. The number of exposures applied, erosions and perforations generated, and initiations and extinctions detected for each parameter combination are summarized in Table IV. 2 Energy increase refers to the percentage of increase in total propagated energy with the initiating sequence over that without the initiating sequence. When perforation occurred, the total propagated energy was calculated using the exposure time to reach perforation. When perforation did not occur within the 480-s exposure time, the total propagated energy was calculated using 480 s as the exposure time. At 4000 W/cm 2 , perforation occurred within the 480-s exposure, resulting in a shorter exposure time and higher energy increase percentage.
A. Effects of the Initiating Sequence on Erosion
Probability of Erosion:
The probability of erosion is defined as the number of trials in which erosion was observed divided by the total number of trials using the same parameter set. The probability of erosion as a function of the number of pulses within the initiating sequence is plotted in Fig. 4 . At I SPPA of 1000 W/cm 2 , erosion was never observed, probably because this intensity is too low to sustain active cavitation. At I SPPA of 2000 W/cm 2 or 3000 W/cm 2 , the probability of erosion was significantly higher with the initiating sequence than without, even though the total propagated energy was almost the same (Table III) . For example, with pulses having only I SPPA of 2000 W/cm 2 pulses, erosion was never observed. By adding a 200-pulse, 9000 W/cm 2 initiating sequence (0.005% increase of total propagated energy), the probability of erosion was increased to 0.875 (7 of 8). Again, the probability of erosion was 0.364 (4 of 11) with I SPPA of 3000 W/cm 2 pulses alone, but increased to 1 (8 of 8) after adding a 200-pulse initiating sequence, with 0.003% increase in total propagated energy. Fig. 5 
presents pictures of tissue effects produced by 2000 W/cm
2 pulses with and without the initiating sequence. At I SPPA of 4000 W/cm 2 , erosion was always observed with or without the initiating sequence. Our previous studies have shown that I SPPA of 4000 W/cm 2 is sufficiently high to initiate active cavitation by itself, although the initiation takes a long time [2] .
One might expect that some erosion would be caused by the initiating sequence. However, experimental observations show that the initiating sequence alone never created any tissue erosion because of the small number of pulses, even though it sometimes caused disruption of the surface membrane.
Erosion Rate:
The erosion rate here is calculated only when perforation occurs. When erosion occurs with- Fig. 4 . Effects of the initiating sequence on the probability of erosion. Panels A, B, C, and D show the probability of erosion as a function of the number of pulses per initiating sequence with sustaining pulses at I SPPA values of 1000, 2000, 3000, and 4000 W/cm 2 , respectively. The acoustic parameters and sample sizes are listed in Tables I-IV. out perforation, the erosion area is often equal or smaller than the focal beamwidth of the 20-MHz transducer. As a result, the 20-MHz transducer is unable to provide an accurate measurement of the on-axis thickness of tissue eroded. Fig. 6 shows the erosion rate using sustaining pulses at I SPPA of 4000 W/cm 2 with and without the initiating sequence. In Fig. 6(A) , erosion rate is calculated using the total exposure time to reach perforation. The erosion rate calculated using this exposure time was higher with the initiating sequence than without (P < 0.05; T-test).
This result was expected assuming cavitation to be the primary cause of erosion, as the period of time before initiation of active cavitation produced no erosion. If the erosion rate is calculated only taking into account the active cavitation time (initiated time) instead, the erosion rate might be comparable with and without an initiating sequence. Initiated time is defined as the period of time when the variable backscatter is observed. In Fig. 6(B) , erosion rate is calculated using the total initiated time prior to perforation as perforation time. The result agrees with the above supposition: erosion rate calculated using the initiated time was similar with and without an initiating sequence (P ≥ 0.05; T-test).
B. Effects of the Initiating Sequence on Cavitation
Because the temporally variable acoustic backscatter is regarded as an indicator of cavitation, the dependence of initiation and extinction of the variable backscatter on the initiating sequence was investigated to study its effects on active cavitation.
Probability of Extinction:
The probability of extinction here is defined as the number of trials in which extinction (excluding perforation) was detected divided by the number of trials in which initiation was detected using the same parameter set. Extinction of the temporally variable backscatter implies the permanent or temporary suspension of active cavitation prior to tissue perforation. Fig. 7 presents the probability of extinction as a function of the number of pulses per initiating sequence. With I SPPA ≤ 3000 W/cm 2 , extinction was always detected when initiation was detected, with or without the initiating sequence. At I SPPA of 4000 W/cm 2 , the probability . Erosion rate at I SPPA of 4000 W/cm 2 with and without the initiating sequence. Panel A shows the erosion rate calculated using total exposure time to reach perforation. Erosion rate is significantly faster (p < 0.05) with the initiating sequence than without. Panel B shows the erosion rate calculated using initiated time. Using the time in which there is actual cavitation activity results in a consistent erosion rate (i.e., no statistical difference (p ≥ 0.05)). The erosion rate is plotted as mean and standard deviation values. Fig. 7 . The probability of extinction versus number of pulses per initiating sequence at I SPPA of 4000 W/cm 2 . The probability of extinction was lower with the initiating sequence than without. With I SPPA ≤ 3000 W/cm 2 , extinction was always detected if initiated, resulting in a constant probability of extinction at 1.
of extinction was lower with the initiating sequence than without. For example, the probability of extinction was 0.5 (6 of 12) with pulses having only 4000 W/cm 2 , and it was decreased to 0.25 (2 of 8) ET i is the time interval between the i th extinction and the (i + 1) th initiation. An initiating sequence containing N pulses was applied at the beginning of each ultrasound exposure. The applied initiating sequence was chosen to be 10 ms (200 pulses), 100 ms (2000 pulses), or 1 s (20,000 pulses). Consequently, the initiating sequence ends within 1 s after the beginning of each 480-s exposure (shown as arrow). Experimental observations show that the initiating sequence alone never created any visible erosion due to its short duration. The corresponding erosion depth could not be monitored in real time because of the interference from harmonics of the highpressure therapy pulses due to nonlinear propagation and broadband noise generated by cavitating bubbles during the exposure. The results show a decreasing trend of IT i with increasing i (Fig. 9, Table V ) regardless of the number of pulses within the initiating sequence. Moreover, the sample size of IT i (the number of trials in which IT i was observed) also decreased with increasing i (Table VI) . In fact, summation of the sample size of IT 1 (93) and IT 2 (41) represents 80% of the total number of IT i . The above data suggest that reinitiation of the active cavitation becomes more difficult after each extinction, and the duration of each subsequent reinitiation decreases. When analyzing the IT i values versus the number of pulses in the initiating sequence (for a fixed i value), no discernable trends were observed, suggesting that ITi is independent of the number of pulses in the initiating sequence.
Note that IT 1 at I SPPA of 4000 W/cm 2 is lower compared to IT 1 at I SPPA of 2000 W/cm 2 and 3000 W/cm 2 . In addition, at I SPPA of 4000 W/cm 2 , the sample size of IT i is zero for i ≥ 3 with an initiating sequence and i ≥ 4 without an initiating sequence. This resulted because perforation always occurred at I SPPA of 4000 W/cm 2 and occurred primarily within IT 1 or IT 2 . Almost no backscatter reflected from erosion zone after perforation, resulting in reduction of IT i and the sample size of IT i at I SPPA of 4000 W/cm 2 . Table II . The values and sample sizes of IT i are listed in Tables V and VI, respectively.
Total Initiated Time (IT total ):
IT total as a function of the number of pulses per initiating sequence is plotted in Fig. 10 . Once initiated, IT total seems to have no discernable pattern, indicating no dependence of the total cavitation time on the number of pulses within the initiating sequence or I SPPA of the sustaining pulses. IT total was lower at I SPPA at 4000 W/cm 2 than at I SPPA of 2000 W/cm 2 or 3000 W/cm 2 due to the occurrence of perforation.
Extinguished Time (ET i ):
No observable trend was found in ET i as a function of i or the number of pulses in the initiating sequence (Fig. 11) . However, a histogram of all 73 ET i 's (Fig. 12) show that approximately 70% of ET i fall within the 75-s or lower group. These suggest that, if reinitiated, the waiting time between the extinction and the succeeding reinitiation of active cavitation is random, but it is likely to be less than 75 s. The mean and standard deviation values of ET i , and the sample size of ET i for each combination of parameters are listed in Tables VII and VIII, respectively.
IV. Discussion
We have shown that a high-intensity, initiating sequence helps to increase the probability of erosion at lower intensities with only slight increase in total propagated energy. Consequently, the intensity threshold for generating erosion is significantly lower using the initiating sequence. For example, the estimated intensity threshold for generating erosion defined as the probability of erosion at 0.5 is at I SPPA of 3220 W/cm 2 [29] . The probability of erosion at 0.875 is achieved at I SPPA of 2000 W/cm 2 by adding a short initiating sequence (200 three-cycle pulses) and very little overall increase in propagated energy (0.005%). As a result, the initiating sequence lowers the erosion threshold from I SPPA 3220 W/cm 2 to < 2000 W/cm 2 . In addition, the initiating sequence increases the erosion rate through ensuring an instantaneous initiation of cavitation such that no energy is wasted on acoustic pulses preparing for initiation though producing no erosion. The erosion rate is increased significantly with the initiating sequence than without at I SPPA of 4000 W/cm 2 . At I sppa < 4000 W/cm 2 , perforation rarely occurs, probably due to the structure of the tissue samples. Both the atrial septum and the atrial wall consist of two layers of membrane and soft muscle in between. The membrane of the atrial wall positioned farther away from the therapy transducer is tougher than the membrane closer to the transducer. At I SPPA of 3000 W/cm 2 , often all the soft muscle is eroded with only a piece of membrane left (Fig. 13) . The membrane is harder to erode than the soft muscle tissue and requires higher intensity. It has been seen by some researchers that different tissue structures respond differently to the same ultrasound fields [10] , [32] , [33] . A paradigm to increase the erosion efficiency in the atrial septum and the atrial wall might be to erode soft muscle tissue with lower intensity pulses and finish perforating the last membrane structure with higher intensity pulses. Acoustic parameters might need to be chosen specifically for the tissue type as well as the application (e.g., erosion, necrosis) to achieve higher efficiency.
Number of n(It
We hypothesize the mechanism for this phenomenon is as follows: a cloud of microbubbles is generated by the initiating sequence, providing a set of cavitation nuclei for lower intensity pulses. This shares the same principles with microbubble-enhanced therapy, which artificially introduces cavitation nuclei to tissue and makes cavitation easier to achieve [10] - [17] , [22] , [34] - [38] . The initiating sequence could be considered as a source of self-generated, localized microbubbles. The advantage of using the initiating sequence is that cavitation nuclei can be generated at the desired location, instead of being present throughout the entire organ, which might result in greater collateral damage.
Some possibilities regarding details of the mechanism might be extracted from the initiated and extinguished time results. The initiated time result showing cavitation lasts for shorter duration after each successive initiation implies either depletion of certain essential components to sustain cavitation (e.g., cavitation nuclei) over time, or increased interferences (e.g., shadowing from larger bub- bles). The observation of random extinguished time between adjacent active cavitation periods may suggest initiation of active cavitation as a threshold phenomenon, which occurs only when the density or population of microbubbles within a certain size range exceeds a threshold. We also discovered that, once initiated, the duration of the active cavitation does not depend on the number of pulses within the initiating sequence. The initiating sequence containing more pulses does not seem to provide longer active cavitation or more erosion. For example, increasing number of pulses within the initiating sequence did not elongate the initiated time, the probability of erosion, or the erosion rate. More pulses in the initiating sequence may generate a similar net number of cavitation nuclei for the sustaining pulses, possibly by breaking up as many cavitation nuclei as they create. This suggests that only the minimum number of high-intensity pulses (i.e., the minimum energy) required for initiation is necessary.
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Once extinguished, we have shown that active cavitation seldom reinitiates spontaneously and is shorter in duration if reinitiated. This leads to the possibility of using high-intensity pulses to reinitiate instead of waiting for a spontaneous reinitiation by the lower intensity pulses. A feedback strategy thus is formed in which the highintensity, initiating sequence is used to initiate cavitation, lower intensity pulses are used to maintain it, and the initiating sequence is used again (when necessary) to reinitiate it when extinction is detected. This strategy may have the potential to accomplish tissue perforation with lower propagated energy, reducing overheating to overlying tis-sue and the transducer, which is critical for avoiding a major concern for any ultrasound therapy. It is noticed that the reinitiation never was observed after perforation. This is because the intensity threshold to initiate active cavitation detected as the variable backscatter is lower at a tissue-fluid interface than free fluid, probably due to the tissue surface boundary capturing moving microbubbles as cavitation nuclei.
If calculated using active cavitation time (initiated time), the erosion rates are similar with and without the initiating sequence, but the variances are high in both cases. The variability of biological tissue may contribute to this high variance. The quality of cavitation also may need to be quantified as well as the temporal characteristics for a more accurate correlation with erosion. Some researchers have attempted to measure the dose of inertial cavitation through acoustic backscatter (e.g., broadband noise amplitude) and related to biological effects [8] , [13] , [34] , [39] . Unfortunately, we have had difficulty extracting broadband noise from the fundamental, harmonic, and subharmonic frequency dominating backscatter signals. For future work, we plan to investigate further the quantification of cavitation related to erosion.
V. Conclusions
A new strategy using a short, high-intensity, initiating sequence to enhance cavitation-induced, soft-tissue erosion was investigated. The initiating sequence helps to reduce the intensity threshold for generating erosion and increase the erosion rate with only slight overall increases in propagated energy. Once initiated, the duration of active cavitation detected by the temporally variable backscatter is independent of the number of pulses in the initiating sequence. If extinguished, active cavitation becomes more difficult to reinitiate and lasts shorter after each extinction. However, the waiting time between the extinction and succeeding reinitiation of the active cavitation is random.
